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Abstract—Nitrogen-containing catalytic filamentous carbon (N-CFC) of chemical composition NC;g—NC,
has been synthesized by the decomposition of pyridine (Py) from gaseous mixtures with argon or H, at 550-
800°C on Ni/Al,05 (Ni) and Ni—Cu/Al,O5 (Ni—Cu) high-percentage catalysts. The activity of the Ni—Cu cata-
lyst in Py decomposition in mixtures with H, is about one order of magnitude higher than its activity in Py/Ar
mixtures (more than 70 g N-CFC per metal gram in 4.5 h at 750°C), which is interpreted as arising from the
nickel-catalyzed hydrogenation of Py. The formation and growth of carbon fibers occurs through the decompo-
sition of Py (from Ar/Py mixtures) and/or Py hydrodenitrification products (from H,/Py mixtures). The carbon
material has been characterized by elemental analysis, low-temperature nitrogen adsorption, high-resolution
transmission electron microscopy (HRTEM), and X-ray photoelectron spectroscopy (XPS). The effect of the
noncatalytic reactions of Py and its transformation products on the composition and texture of N-CFC is dis-

cussed.
DOI: 10.1134/S0023158407010144

New graphite-like C,N structures (nitrogen-contain-
ing carbon nanotubes and nanofibers) have gained
enormous attention during the last decade. The unique
electronic, mechanical, and vibrational properties of
these materials open up new areas for their application,
such as nanotechnologies, materials design for com-
posites and electrochemical and electrophysical sen-
sors, and others [1-4]. Presumably, C,N nano-
tubes/nanofibers can behave as metals; they can have
high electrical conductivity due to extra electron pairs
that conjugate with the delocalized ® system of the hex-
agonal lattice. From the chemical standpoint, the sub-
stitution of nitrogen atoms (each having one electron
more than a carbon atom) for some carbon atoms may
alter the chemical properties of the carbon material; the
resulting systems will have a higher reactivity to elec-
tron-acceptor molecules. This can extend the applica-
tion of these materials in adsorption—catalytic pro-
cesses (the synthesis of functionally active sorbents,
supports for catalysts, and metal-carbon catalytic com-
positions [5—13]).

The catalytic methods for the production of C.N
structures (multiwalled carbon nanotubes and nanofi-
bers) are based on the gas-phase decomposition of
nitrogen-containing hydrocarbon precursors in the
presence of Group VIII 3d metals (Fe, Co, Ni). The fol-
lowing compounds were tested as precursors: heteroat-
omic hydrocarbons such as pyridine, acetonitrile [14—
16], triaminotriazine (melamine) [17-19], amino-
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dichlorotriazine [19, 20], and dimethylformamide [21]
mixed with an inert gas, H,, CH,, or C,H,; nickel
phthalocyanine [22, 23]; and mixtures of CO or CH,
with NH; [24, 25] or even with N, [26]. Dai et al. [24]
described the synthesis of single-walled carbon nano-
tubes by the decomposition of CO + NH; mixtures on
molybdenum particles at 1200°C. The amount of nitro-
gen incorporated into the carbon framework is a func-
tion of synthesis parameters, such as the feed composi-
tion, catalyst, temperature, and even flow rate. The C,N
structures manufactured by catalytic methods have
comparatively low nitrogen concentrations (less than
15 at %; x = 6) [3, 4]. However, Tang et al. [21] synthe-
sized nanofibers with an extraordinary high nitrogen
concentration (20 at %, x = 5) by the decomposition of
dimethylformamide on a supported FeMo -catalyst
manufactured by sol-gel technology. The fibers had an
unusual pearl-necklace-like morphology. The decom-
position of nitrogen-containing hydrocarbons usually
produces C,N structures with higher nitrogen concen-
trations than in the pyrolysis products of methane
mixed with ammonia or N,. The relevant literature
shows that the existing catalytic methods do not ensure
sizable yields of nitrogen-containing nanotubes or
nanofibers.

In works [14, 15], we described the synthesis of car-
bon nanofibers through the catalytic decomposition of
CH, or CH, + H, with addition of nitrogen-containing
hydrocarbons, e.g., pyridine or acetonitrile. The cata-
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Table 1. Catalyst composition

Catalyst| COMPOSItON, | \pi o1 Cu, wt % |Cu/Ni, at/at
wt %

Ni 93 NiO* Ni(73) 0

Ni-Cu |82 NiO, 5 CuO* | Ni(64.5-Cu(4.0) |  0.06

* Al,O3 up to 100%.

lysts used were high-percentage Ni and Ni—Cu cata-
lysts, which are efficient in the synthesis of carbon
fibers (catalytic filamentous carbon, CFC) from meth-
ane rough materials. The yield of methane CFC on the
Ni—Cu catalyst at 650°C was =700 g/g Ni [27]. We
obtained 40-50 g of N-CFC per metal gram, containing
5 wt % nitrogen, at 750°C on the Ni—Cu catalyst. How-
ever, the highest yield was achieved when methane was
fully excluded from the reaction gas: 70 = 5 g N-CFC/g
metal was obtained [unpublished data]. The resulting
samples also had a more homogeneous morphology. In
this context, it is pertinent that our data poorly match
the data of Nakajima and Koh [16]: Nakajima and Koh
proved the inertness of ultrafine nickel in the synthesis
of C,N nanofibers from pyridine (Py) mixed with H,.
The main distinction between the two approaches is
that Nakajima and Koh [16] employed higher decom-
position temperatures (800—950°C) than in our syn-
thesis.

An essential weakness of the approach developed
was poor precision, associated with the oligomer and
resin formation as a result of noncatalytic transforma-
tions of Py or its derivatives. Downs and Baker [28],
authorities on the synthesis of fibrous carbon on metal
catalysts, in the early 1990s stressed the necessity of
finding optimal parameters for minimizing these non-
catalytic transformations.

Here, we report the detailed investigation of N-CFC
synthesis from Py mixed with H, or Ar on high-per-
centage Ni/Al,O; (hereafter, Ni) and NiCu/Al,O;
(hereafter, NiCu) catalysts. Our task was to elucidate
the possible pathways of Py transformations and to find
the parameters at which Py pyrolysis is mainly catalytic
and occurs at high rates. Low-temperature nitrogen
adsorption, high-resolution transmission electron
microscopy (HRTEM), and X-ray photoelectron spec-
troscopy (XPS) were used to characterize the pore
structure, morphology of fibrous deposits, the composi-
tion of the samples, and the nature of the nitrogen-con-
taining groups; the indicated characteristics were also
studied as dependent on the synthesis parameters such
as the carrier gas and pyridine concentration in the
vapor—gas mixture, pyrolysis temperature, and the con-
tact time between the reaction mixture and catalyst. The
results may be of both theoretical and applied signifi-
cance for the purposed synthesis of C,N nano-
tubes/nanofibers with a controlled set of properties for
use in the adsorption and catalytic transformations of

supports and design of carbon composites and
advanced materials for nanotechnologies.

EXPERIMENTAL
Catalytic Experiments

N-CFC samples were prepared by the decomposi-
tion of H,/Py and Ar/Py gaseous mixtures containing 10
or 15 mol % Py at 550-800°C and atmospheric pres-
sure. Hydrogen (>99.99%) and argon (>99.99%) were
used as received. Reagent-grade pyridine was predried
over KOH.

The reaction was accomplished in a vertical flow-
through reactor with a vibrofluidized bed of the Ni or
Ni—Cu catalyst (0.25-0.50 mm fraction). Catalyst sam-
ples were prepared following the procedures described
in works [29, 30]. Their compositions are listed in Table 1.
The catalyst sample weight was 0.05 g unless specified
otherwise. The catalysts were reduced in situ in flowing
hydrogen at 550°C for 2 h. Then, the reactor was
brought to the required temperature, the hydrogen feed-
ing was stopped, and the vapor—gas mixture of the set
composition was fed at 1-7 1/h. The vapor—gas mixture
was prepared by bubbling the dry reaction gas through
an evaporator filled with Py, which was mounted
upstream of the reactor. The Py concentration in the
mixture was controlled through the evaporator temper-
ature. The reaction loop was enclosed into a thermal
cabinet maintained at 120-125°C in order to keep the
Py vapor from condensing. The reaction mixture leav-
ing the reactor entered a water trap in which the reac-
tion byproducts and Py vapor were entrapped. The
pyrolysis duration was 2.3 or 4.5 h. Before being dis-
charged, N-CFC granules were cooled with flowing
argon to room temperature.

Physicochemical Characterization of N-CFC

The carbon material was characterized using a com-
bination of chemical analysis, low-temperature N,
adsorption, HRTEM, and XPS spectroscopy.

Low-temperature N, adsorption. The adsorption
measurements were carried out at 77 K on a Micromer-
itics ASAP 2400 instrument. Carbon samples were first
trained at 573 K to a residual pressure of 103 Torr. The
specific surface area Sypr was calculated from the ini-
tial portion of the adsorption isotherm with P/P, =
0.05-0.20. The total pore volume Vs with effective pore
diameters up to 100 nm was calculated from the N,
uptake for P/P, = 0.98. The micropore volume V,,
accessible to nitrogen, was estimated by a comparison
method developed in [31], which is in many respects an
analogue of the «, technique proposed by Sing [32].
The average pore size D, was calculated from D, =
4 Vpore/ S BET

HRTEM. A JEM-2010 high-resolution electron
microscope was used with an accelerating voltage of
200 kV (the lattice resolution was 1.4 A). The samples
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Table 2. Parameters of Py decomposition from mixtures with H, and Ar and the major products

N-CEC N-CFC synthesis parameters N-KBY
sample Oligomers
p mixture T, °C 1,8 Y,gC/gM N, wt %
Ni—Cu catalyst

N-301! 550 0.03 33 1.0 -
N-1592 0.06 22 1.0 -
N-3191:2 650 0.03 30 1.2 -
N-241 0.06 42 2.0 -
N-293 0.06 40 1.4 -
N-270 0.11 37 1.7 -
N-219 H, +10% Py 0.17 37 23 -
N-3172 700 0.03 50 1.8 -
N-2862 0.025 40 3.4 -

_ 3
N-285 250 0.03 70 2.9 +
N-305 0.03 73 2.7 +3
N-233 0.17 30 2.8 ++°
N-288!:2 800 0.03 26 3.2 434
N-273 550 0.06 40 22 -
N-277 H, + 15% Py 650 0.06 28 2.6 +3
N-256 750 0.03 18 3.0 43
N-318 Ar + 10% Py 750 0.06 5 5.2 -
N-205 550 0.11 3.0 -
N-207 Ar+15% Py 750 0.11 6 5.0 -

Ni catalyst

N-302! 550 0.03 34 0.7 -
N-173 H, +10% Py 750 0.03 15 22 143

10.025 g catalyst.
Reaction time: 2.3 h.
Colored, water-soluble liquid of an unidentified composition.
Trace resin at the reactor outlet.

were prepared by ultrasonic dispersion in ethanol fol-
lowed by spreading of the suspension over the standard
grid of the sample holder.

X-ray photoelectron spectroscopy. The XPS
experiments were carried out on a VG ESCALAB HP
photoelectron spectrometer using MgK,, and AlK|, radi-
ation with the 2 x 10® mbar pressure of background
gases in the working chamber. The spectrometer was
calibrated against the lines Au 4f;, (84.0 eV) and
Cu2p;, (9327 V). Correction for charging was
applied using an internal standard (the carbon peak at
E, = 284.4 eV). The test pellets were ground, then
indented into a double-sided sticky band mounted on
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the sample holder. The composite spectra were decom-
posed into individual peaks, and the parameters of the
components were determined using XPS Peak software
[33, 34].

RESULTS AND DISCUSSION
Catalytic Reactions of Gaseous Py Mixed with H, or Ar

To determine the parameters that would direct Py
decomposition along the catalytic route, we studied
how the synthesis temperature, feed composition,
decomposition duration, and contact time T (T = V/v; s,
where V is the catalyst volume and v is the volume rate
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Fig. 1. N-CFC yield vs. contact time between the reaction
mixture and the catalyst at (/) 650 and (2) 750°C on the
Ni—Cu catalyst. Hy/10% Py. Pyrolysis duration: 4.5 h.

of the reagents under the STP) affect the product com-
position, N-CFC yield (Y), and the texture parameters
of the samples.

The data complied in Table 2 show us the general
trends in the variation of the product composition as a
function of synthesis parameters for Py decomposition
from mixtures with Ar or H,. The activities of the Ni
and Ni—Cu catalysts in the low-temperature (550°C)
pyrolysis of H,/Py mixtures are roughly identical. At
750°C, the use of the Ni—Cu catalyst increases the N-
CFC yield about fivefold. The role of copper in the
hydrocarbon decomposition catalyzed with Group VIII
transition metals (nickel, iron) is extensively discussed
in the literature (see, e.g., Fenelonov’s monograph [35]
and references cited therein). However, the issue is
beyond the scope of this work.

From Table 2, it follows that byproducts (low-
molecular-weight oligomers) appeared in the final mix-
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ture after H,/Py decomposition at quite low tempera-
tures (650°C). Their formation rate increased with tem-
perature elevation. There is an inverse proportion
between the catalyst activity in CFC formation and the
amount of the oligomers produced. Gas chromatogra-
phy showed NH; in the final gas mixture in all experi-
ments.

Figure 1 displays the carbon yield from H,/10%Py
decomposition versus contact time T. The maximal
N-CFC yield (70 g C/g M) was observed at 750°C at
low T (~0.03 s). The increasing contact time and the
decreasing flow rate of the reagents (from 6 to 1 1/h for
samples N-285 and N-233, respectively; Table 2) dis-
placed the equilibrium between the catalytic decompo-
sition of Py and the high-temperature (noncatalytic)
oligomerization of Py and/or its transformation prod-
ucts toward the latter. The oligomer proportion in the
products increased, while the yield of N-CFC
decreased. At low temperatures (550 and 650°C), the
N-CFC yield was 30—40 g carbon per metal gram with-
out any prominent correlation between the yield and
contact time.

The activity of the Ni—Cu catalyst in N-CFC synthe-
sis from H,/10%Py was appraised for the region of low
7 (0.03 s), at which the effect of the side reactions on
N-CFC formation at temperatures below 750°C can be
ignored, although with some assumptions. The relevant
curves (Fig. 2a; curves I, 2, respectively) are different
for the samples prepared by decomposition for 4.5 and
2.3 h. Curve 2 has a rise at relatively low temperatures
and a maximum at about ~700°C. The samples synthe-
sized at temperatures in this range had similar specific
surface areas (~300 m?/g). Above 700°C, the carbon
yield decreased but the oligomer concentration in the
products increased dramatically (Table 2). The specific
surface area became one order of magnitude lower: 284
and 28 m?%g for the samples synthesized at 700 and
800°C, respectively (Fig. 2b, curve 2). We tend to
explain these experimental results by the fact that start-
ing at 2650°C, the oligomers were pyrolyzed on the

Y,gC/lgM SpET. M/g
350 (b)
70 - (a) n
A 300+
60 r 2501
S0 . 200
40 + 150}
30 - 100+
e 50+
20 | 1 1 1 1 ‘Q 1 0 1 1 1 1 1 1
550 600 650 700 750 80 550 600 650 700 750 80

T, °C

T, °C

Fig. 2. Panel (a): N-CFC yield vs. reaction temperature for N-CFC samples prepared by H,/Py pyrolysis on the Ni-Cu catalyst.
Panel (b): the specific surface area vs. reaction temperature for the same samples. Contact time: 0.03 s. (/) Hy/10%Py, 4.5 h; (2)

H,/10% Py, 2.3 h; and (3) H,/15% Py, 4.5 h.
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Table 3. Noncatalytic transformations of Py

T,°C Py/H, Py/Ar!
550 |No products No products
750 |Trace soot or very small pellets The reactor outlet is coated with a film of partially

Small amounts of unidentified hydrocarbons
and oligomers

800° -
10002 -

pyrolyzed resin
Small amounts of unidentified hydrocarbons

No amorphous carbon [16]

Amorphous carbon of composition NC4H ¢ [16]

115 mol % Py; flow rate, v = 3 I/h; supply duration, 4.5 h.

0.02 atm Py with a total pressure of 1 atm; v = 3 1/h; supply duration, half-day.

nascent nanofibers. The disordered carbon produced by
the decomposition, first, deactivated the catalyst
through blocking the surface of active catalytic parti-
cles; second, it accumulated in the structure of growing
carbon fibers, affecting the texture parameters of the
carbon deposits. Evidently, these speculations can like-
wise explain the temperature variation of the carbon
yield in the set of runs that lasted 4.5 h. The monotonic
increase in the carbon yield with temperature until
750°C in this set of runs (curve / as opposed to curve 2)
is only due to the greater portion of noncatalytic carbon
in the deposits obtained in the longer experiments. The
N-CFC amounts obtained from Py/H, pyrolysis at
800°C after 4.5 h are not displayed on curve /: the car-
bon deposits obtained in the experiments that lasted
longer than 2.3 h were caked agglomerates of carbon
pellets and pyrolyzed resin. The product was composi-
tionally and structurally heterogeneous. For compari-
son, curves 3 on Figs. 2a and 2b show the carbon yield
and specific surface area versus temperature for
H,/15% Py pyrolysis for 4.5 h. Noticeable amounts of
oligomers were observed even at 650°C (Table 2). For
the Py-rich mixtures, both the N-CFC yield and the spe-
cific surface area decreased monotonically as the tem-
perature rose.

When hydrogen was replaced by an inert gas (Ar or
N,), the carbon yield dropped by about one order of
magnitude at all temperatures (550, 650, and 750°C).
For Ar/Py decomposition at 750°C on the Ni—Cu cata-
lyst for 4.5 h, the yield was about 5-6 g C/g M
(Table 2). Oligomer formation was not observed. Fol-
lowing Nakajima and Koh [16], a higher temperature
range is optimal for preparing filamentous carbon com-
pounds NC, from Py mixed with Ar on finely dispersed
nickel. At 850-950°C (0.02 atm Py with a total pressure
of 1 atm), Nakajima and Koh [16] obtained 8-10 g of
filamentous carbon of composition NC, (x =25-36) per
metal gram; the product was free of amorphous carbon.

Pyridine Transformations in the Absence of Catalysts

We carried out a special set of experiments to
appraise the contribution of the noncatalytic transfor-
mations of Py into the decomposition of Py/H, and
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Py/Ar. These experiments completely reproduced the
catalytic experiments but without catalysts. Moreover,
we used new reactors for the blanks in order to avoid
the possibility of the occurrence of trace metal on the
inner surfaces of the reactor. We chose the parameters
of the experiment (Py-rich mixtures, low feed flow
rates) that always ensured oligomer formation during
the catalytic decomposition of Py/H, mixtures.

The blanks showed the absence of any products of
noncatalytic reactions at 550°C. The thermal transfor-
mations of Py were rather slow even at 750°C regard-
less of the carrier gas (H, or Ar). The composition of the
Py-containing mixtures entering the reactor and that of
those leaving the reactor were practically the same as
analyzed by gas chromatography. The production of a
small amount of resin (Table 3) in the experiment with
a Py/Ar mixture can be due to the dehydrooligomeriza-
tion capacity of Py. Noticeable pyrolysis rates are
observed at far higher temperatures (1000°C) [16].

Having compared these results with the catalytic
data, we inferred that the products of heterocycle split-
ting, probably unsaturated Cs, or other light hydrocar-
bons produced by Py hydrogenation on a Ni catalyst are
responsible for the oligomerization side processes dur-
ing the catalytic decomposition of Py/H, mixtures.

Pore Structure of N-CFC Samples

Low-temperature nitrogen adsorption was used to
study how the synthesis parameters affect the pore
structure parameters of N-CFC samples manufactured
from H,/Py mixtures.

Representative adsorption isotherms are displayed
in Fig. 3. According to the IUPAC classification (which
classifies the typical shapes of capillary-adsorption
hysteresis loops), the isotherms for all samples can be
classified as intermediate between type H1 and type H3
[32]. Loop H1 is characteristic of monodisperse and
fairly homogeneous packed porous bodies. Loop H3 is
characteristic of porous systems with mainly slit-
shaped pores. All isotherms have a hysteresis loop in
the range of 0.45 < P/P, < 1, indicating the presence of
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Fig. 3. Low-temperature N, adsorption isotherms for N-CFC samples prepared by H,/10% Py decomposition: (1) 650°C, Y ~
40 g C/g M; (2) 750°C, Y ~ 40 g C/g M; (3) 750°C, Y ~ 73 g C/g M; and (4) 800°C, Y =26 g C/g M.

mesopores with sizes up to 100 nm, and a rise at
P/P, — 1, which is associated with larger pores.

The pore-structure parameters for some N-CFC
samples are compiled in Table 4. Clearly, the texture
parameters can be widely varied with the use of the syn-
thesis method in question. The specific surface areas
ranged from ~30 to ~360 m?/g. The pore volumes Vs
were 0.17-0.54 cm’/g with the average pore diameter
D, ranging from 5 to ~20 nm. The samples produced
at 550 and 650°C had close Sggr values (325 + 35 m?/g)

with roughly equal carbon proportions (~40 g C/g M).
The micropore volumes calculated from the adsorption
isotherms, V., were 0.02-0.04 cm3/m or 6-7% of the
total pore volume. The samples produced at 750 and
800°C lacked micropores. The Sgpr versus synthesis
temperature curve (Fig. 2b, curve 2) has an inflection at
about 650°C. The Sygr values for the samples prepared
at 650 and 800°C differed by more than one order of
magnitude. In the samples prepared from mixtures with
a higher (15%) Py concentration, Sggr decreased mono-

Table 4. Pore-structure parameters for N-CFC prepared from H,/Py mixtures

Pore-structure parameters
N-CFC sample Tgni» °C [Py], mol %
Spgr, m2/g Vs, cm’/g V. em’/g Dpore, NM
Ni—Cu catalyst
N-301 550 10 282 0.376 0.024 5
N-273 15 285 0.340 0.020 5
N-319 650 10 313 0.424 0.008 5
N-241 10 359 0.537 0.037 6
N-219 10 295 0.423 0.024 6
N-277 15 219 0.328 0.008 6
N-317 700 10 284 0.359 0.001 5
N-286 750 10 201 0.391 0.001 8
N-285 10 144 0.309 0 9
N-305 10 104 0.285 0 12
N-233 10 32 0.169 0.003 21
N-256 15 56 0.172 0 12
N-288 800 10 28 0.131 0 18
Ni catalyst
N-302 550 10 267 0.334 0.024 5
N-173 750 10 47 0.130 0 11
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Fig. 4. Panels (a, b): the representative morphology of N-CFC grown on the Ni—Cu catalyst from H,/10% Py at (a) 550 and (b)

650°C. Panel (c): the structure of thin filaments prepared at 550°C.

tonically as temperature rose to 750°C (Fig. 2b,
curve 3).

The above data can be explained by the fact that oli-
gomers, which are by-products of the process, start to
pyrolyze at quite a low temperature (<650°C) on the
surface of carbon fibers and accumulate in the carbon
matrix in amounts that alter the pore-structure parame-
ters. Comparing the adsorption isotherms, one can see
that the finest pores are the first to fill; then, mesopores
are filled.

HRTEM Study

Electron microscopy data show various morpho-
logic types of carbon fibers formed from Ar/Py and
H,/Py mixtures. Most fibers prepared from Py/H, at
550 and 650°C have octopus morphology: several thin
nanofibers with diameters of about 15-30 nm spring
out of a faced particle of a NiCu alloy (Fig. 4). Some
carbon layers are oriented approximately normal to the
fiber axis (Fig. 4c). A loose, disordered structure is
characteristic of the fibers. This structure dictates the
texture parameters of the samples, namely high specific
surface areas and porosities (Fig. 2b, Table 4). Being
chaotically entangled during growth, several thin fibers
form bundles of thicker fibers. Most secondary fibers
have diameters of 50-100 nm (Fig. 4a). Similar mor-
phologies were observed upon the pyrolysis of methane
on NiCu alloy catalysts [36, 37] and NiCu/Al,O; high-
percentage catalysts [38, 39] at temperatures up to
1000 K. According to the carbide cycle mechanism
developed by Buyanov [40], gaseous hydrocarbons are
decomposed on one face of a catalytically active parti-
cle to yield carbide-like M,C, intermediates; the latter
diffuse into the bulk of the particle and decompose on
other faces, yielding carbon. The appearance of octopus
morphology is assigned to the reconstruction of cata-
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lyst particles under the reaction conditions. As a result
of segregation and faceting in the NiCu alloy, the cata-
lyst surface is fragmented into alternating portions of
Ni(110) and (100) faces, at which hydrocarbons are
pyrolyzed, and (111) and (311) faces, at which carbon
is separated and crystallizes into graphite [41]. In addi-
tion, the structure and properties of the active sites of
the catalyst, determining the morphology of the fila-
ments, can be modified in the reaction with the gas
components, e.g., sulfur compounds [41, 42] and H,
[43]. Mishakov et al. [44] observed octopus formation
in the decomposition of C,H,Cl, in a mixture with H,
at 650°C on the Ni/Al,O; high-percentage catalyst
without copper added.

Fig. 5. Micrograph of an N-CFC sample prepared by
H,/10% Py pyrolysis at 750°C. a—Admixture of twisted
graphite filaments, characteristic of Py decomposition in argon.
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Fig. 6. Micrograph of an N-CFC sample prepared by Ar/Py
decomposition at 750°C.

At a high temperature (750°C) of H,/Py pyrolysis,
the fiber diameters ranged from 15 to 300 nm (Fig. 5).
The morphologies characteristic of the decomposition
of Py from mixtures with an inert gas (see below) were
observed in small amounts. These were thin graphite
nanofibers and carbon nanotubes. A minor amount of
pyrocarbon was also observed. These observations
match the catalytic experiments, in which significant
amounts of oligomers were formed upon the high-tem-
perature decomposition of H,/Py mixtures (Table 2),
and the above-described pore structures of the samples.

A fundamentally different microstructure was
observed for the N-CFC samples prepared from Ar/Py
mixtures under the same conditions (Fig. 6). These
samples were compositionally heterogeneous. Carbon
existed in them in several forms. Rounded particles
were dominant; at high resolution, they looked like
bands and coils of thin, tightly twisted graphite nanofi-
bers with sizes of 10-30 nm (Fig. 7). One can see on the
straight portions of fibers that graphite layers lie normal
to the fiber axis in the central part of the fiber, yielding
to the fiber surface at an angle (Fig. 7a).

There were small amounts of thin fibers with a hol-
low channel, compartmented with partitions of several
carbon layers, and fibers with the morphology intrinsic
in the N-CFC samples grown from H,/Py (which is
quite understandable, because some amount of H, is
liberated upon Py decomposition).

Chemical Composition of N-CFC

The chemical compositions of N-CFC samples cal-
culated from the chemical analysis data, NC,H,, are
listed in Table 5. The C/N ratio (at/at) in these samples
ranged from 18 to 104; this quantity was strongly
affected by many factors: the nature of the catalyst, the
composition of the reaction mixture (hydrogen or an
inert carrier gas, Py concentration), and the synthesis
temperature. The synthesis parameters being identical,
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Fig. 7. HRTEM micrographs of carbon filaments in the
structure of N-CFC prepared from Ar/Py at 750°C.

the C/N ratio was lower in the samples prepared by Py
pyrolysis from the mixtures with an inert gas. N-CFC
samples of composition NCgH, , were prepared by the
pyrolysis of a Py/Ar mixture on the Ni—Cu catalyst at
750°C. The samples contained two times more nitrogen
atoms than the samples prepared from the Py/H, mix-
ture whose chemical composition was determined as
NC;,_33H, .3, The C/H (at/at) ratio calculated from
this composition increases as the temperature rises
from 550°C (C/H = 8-9) to 800°C (C/H = 47). This
trend can be due to the decreasing number of carbon
atoms in an aliphatic environment, the increasing aro-
maticity of the hydrocarbons, and the structural alter-
ations of the nitrogen-containing groups.

The surface composition of N-CFC samples was
studied by means of XPS; this method determines the
concentrations of chemical elements in surface layers
with thicknesses to 10 nm (Table 5). The survey spectra
showed Ni, C, N, and O on the surface of all N-CFC
samples (Fig. 8). Because the synthesis parameters
excluded the contact of the reagents and nascent carbon
deposit with oxygen, the oxygen-containing groups
likely originated from the oxygen and water vapor
adsorbed by the sample from air during storage. The
existence of large amounts of adsorbed oxygen on
porous carbon materials is a well-known fact.

The bulk composition of samples usually differs
from the surface layer composition. There is one more
fundamental difference between the samples prepared
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Table 5. Chemical composition of N-CFC samples' prepared by various decomposition schedules

Composition State of surface N atoms, %

N-CFC T °C Reaction N-CFC yield,
sample ’ mixture? g C/(Ni+Cu)g| NCH, NC, N N N

(bulk)? (surface)* Py Pyr Q
N-301 550 H2 + 10% Py 33 NC104H13 — — — —
N-273 H, + 15% Py 40 NCsoH7 4 NCq 40 54 6
N-293 650 | H, + 10% Py 46 NCygs 34 58
N-277 H, + 15% Py 28 NCjoHy 5 NCs; 36 51 13
N-286 750 | H, + 10% Py? 40 NC;,H5, NC;5; 44 41 15
N-285 H, + 10% Py 70 NC54H; 4, NCyq 42 38 20
N-256 H, + 15% Py 18 NC;6H, 6 NCy; 37 48 15
N-288 800 | H, + 10% Py 26 NCi3Hy; NC,, 27 46 27
N-205 550 | Ar+ 15% Py ~3 NC,7H 4 NCi5 29 58 13
N-206 650 | Ar+ 15% Py NC,sH, NCy; 30 52 18
N-207 750 | Ar+ 15% Py 5 NCgH, 4 NCyq 42 41 17

! Apart from the catalyst components.
Decomposition time: 4.5 h.

> From elemental analysis data.

4 From XPS data.
Decomposition time: 2.3 h.

from H,/Py and Ar/Py mixtures. In the samples from
Ar/Py mixtures, the surface nitrogen concentration was
higher than the bulk concentration. For the samples pre-
pared from H,/Py mixtures at 550-750°C, on the con-
trary, the nitrogen concentrations in the surface layer
were usually lower than in the bulk (Table 5). A likely
explanation must include both the features of Py
decomposition and carbon fiber formation from mix-
tures with different carrier gases (they will be discussed

Cls

—

below) and the possible routes of nitrogen incorpora-
tion into carbon structures (they are to be studied).

Nitrogen exists on the N-CFC surface in three
chemical states with binding energies E, of 398.6,
401.0, and 402.3 eV. The intensity ratio for these states
is a function of the synthesis temperature, batch com-
position, and decomposition duration (Table 5).
Figure 9 displays the decomposition of the N s spec-
trum to individual peaks for a sample synthesized from
H,/Py at 800°C.

401.0
N 1s

402.3
398.6

1
1200
E,, eV

| |
0 400 800

Fig. 8. Scan XPS spectra of samples prepared from
H,/10% Py at 750°C.
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Fig. 9. N 1s spectrum of a sample prepared from H,/10% Py
at 800°C.
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Fig. 10. C 1s spectra of samples prepared from H,/10% Py
at (1) 800°C and (2) 650°C.

The Nls state, with the lowest binding energy (£, =
398.6 + 0.2 eV), is firmly assigned to nitrogen atoms in
pyridine-type structures (Np,) located at the fringes and
defects of carbon layers. More data is needed to iden-
tify the other two nitrogen species. According to [45,
46], the peak at Ey, ~ 401 eV is due to pyrrole-type nitro-
gen Np,,. The value of E}, ~ 401 eV is also assigned to
amino nitrogen atoms [47, 48]. The direct transforma-
tion of nitrogen-containing structures upon the carbon-
ization of some model hydrocarbons was studied in [46,
49]. The model hydrocarbons used were polyvinylpyri-
dine, dibenzopyrrole [46], and N-substituted
anthracenes bearing nitrogen atoms in various posi-
tions: acridine, 9-aminoacridine, 9-cyanoanthracene,
and 2-aminoanthracene [49]. It was found that cyano
groups and especially amino groups have a low thermal
stability [49]: they disappear even at about 500°C, par-
tially converting to the more stable pyridine- and pyr-
role-like structures. The aromatic nitrogen is the most
difficult to eliminate. Most likely, the surface state with
E, ~ 401 eV in N-CFC samples refers to pyrrole-type
nitrogen atoms (Np,,), probably, with some contribution

| o~ H, H,
— — /\/\/
=z NH,
N N

MPA
Py

eRie!
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from the amino and cyano nitrogen atoms at low syn-
thesis temperatures (550°C). The third state of the
nitrogen is assigned by some researchers to the nitrogen
linked to carbon atoms in graphene layers [3-6], so-
called tertiary or quaternary nitrogen (Ng). The state
with Ey, ~ 402.1-402.3 eV exists in all samples synthe-
sized from Py/Ar at 550-750°C (Table 5). However, the
intensity of this peak (if it occurs at all) is low in the
N-CFC samples synthesized from Py/H, at 550°C and
increases with increasing decomposition temperature.

The C 1s spectra carry information about the state of
surface carbon atoms (Fig. 10). In the low-temperature
samples prepared from H,/Py at 550 and 650°C, the
structure of the C 1s lines corresponds to the graphite
carbon (E, = 284.4 eV; peak half-width, 1.3 eV). We
think that the broadening of the C 1s peak in the sample
prepared at 800°C can be due to nongraphite carbon:
there were large amounts of the products of resin pyrol-
ysis in the sample, which matches the adsorption data.
The specific surface areas in samples N-295 and N-288
differ by one order of magnitude (325 against 28 m?/g);
not only does sample N-288 lack micropores, but there
are almost no mesopores in this sample (Fig. 3;
curves /, 4). Likely, the highest surface concentration
of tertiary nitrogen atoms (the N 1s state with E, ~
402.1 eV) is partially due the moiety of nitrogen-bear-
ing fragments in pyrolytic carbon.

Competing Pyridine Transformation Reactions
in the Supported Nickel Catalyst—Py/H, (Ar) System

Catalytic reactions of Py. Much attention is paid to
Py hydrodenitrification (HDN) on supported NiMo [50,
51] and CoMo catalysts [52, 53]; this reaction is of
practical significance for oil refining. It is known that
the reaction is the succession of the following stages:
the hydrogenation of Py to piperidine (Pip), hydrogena-
tion of Pip with heterocycle opening, aminopentane
(MPA) formation, and MPA splitting to Cs hydrocar-
bons; many other compounds can also form as a result
of the reactions of the HDN products of Py. Some of
them are shown in the scheme.

—i~ Cs-hydrocarbons

u+MPA

H
Pip

+ etc.

CsHyy

n -CsHyy

Scheme.
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The rate-controlling stage of the HDN is heterocy-
cle opening. Nickel promotes both the hydrogenation
of Py and the break of the C-N bond of Pip.

All experimental results discussed above prove that
the high activity of Ni(Cu) catalysts in the synthesis of
fibrous C,N compounds is due to the use of Py mixed
with H, in the range of 550-750°C. Hydrogen is both
the carrier gas and the reagent, and the nickel-catalyzed
Py hydrogenation with heterocycle opening is, most
likely, the main pathway of Py transformation. Carbon
filaments are formed by the decomposition of HDN
products on the active sites of the catalyst. In a hydro-
gen-deficient atmosphere, another parallel route is pos-
sible, namely, the catalytic decomposition of Py itself
to carbon. In the absence of hydrogen (in Py/inert gas
mixtures), this is the major route of Py decomposition.
The N-CFC formation rates in this route at 550-750°C
are not high.

According to the carbide cycle mechanism
advanced by Buyanov and colleagues [40], the catalytic
decomposition of gaseous hydrocarbons on metals
involves the formation of intermediate carbide-like
compounds M, C,, which subsequently decompose with
carbon evolution. The presence of a nitrogen atom in
the hydrocarbon molecule is not essential for the mech-
anism of the process. In view of this, the formation of
carbon by the catalytic decomposition of Py is thermo-
dynamically less favorable: the rupture of the strong sp?
hybrid bonds (with E, ~ 680 kJ/mol) in a Py molecule
is required for intermediate carbide-like compounds
N,C, to form, and high temperatures and low H, partial
pressures are required in order for N-CFC synthesis to
be directed mainly along the second route. The dissoci-
ation of a Py molecule adsorbed on the catalyst surface
can be the rate-controlling stage of the process.

The existence of at least two possible routes for cat-
alytic Py transformations, whose relative rates are func-
tions of the nature of the carrier gas and temperature, is
responsible for the different fiber morphologies and
compositions of N-CFC. Recall that the N-CFC sam-
ples prepared from H,/Py mixtures contain only one-
half the nitrogen atoms contained in the samples pre-
pared from mixtures with argon. One likely reason is
the production of ammonia by the HDN of pyridine and
its removal from the reaction mixture together with the
gaseous reaction products.

High-temperature Py decomposition and the
products of its transformations. In the section con-
cerning noncatalytic Py transformations, we showed
that at 7 < 750°C in the absence of hydrogen, only
minor amounts of resins are formed. We think that the
products of pyridine HDN are the major source of oli-
gomers in N-CFC synthesis from H,/Py mixtures.
Above 650°C, the oligomers are pyrolyzed on the sur-
face of nascent nanofibers to yield disordered carbon
deposits.

From the close values of the pore-structure parame-
ters in the N-CFC samples synthesized from H,/10%

KINETICS AND CATALYSIS Vol. 48 No.1 2007

Py mixtures at 550 and 650°C (Table 4), HRTEM data,
and XPS data (Fig. 10), we infer that pyrolytic carbon
does not play an important role in the formation of the
pore structure in this temperature range. Pyridine trans-
formations mainly follow the catalytic route and yield
filamentous carbon as the final product. The pore struc-
ture of the N-CFC samples manufactured at tempera-
tures above 650°C changes (micropores disappear, Vs
and Sppr decreases), likely due to the change in fiber
morphology and (mainly) the increase in the rates of the
noncatalytic reactions of oligomerization and oligomer
pyrolysis on the fiber surfaces. The different pore struc-
tures in N-286 and N-285 samples (Table 4), which
were synthesized at similar parameters (750°C; T =
0.025 and 0.03 s, respectively) but with different dura-
tions of Py/H, decomposition and different N-CFC
yields (40 and 70 g C/g M in 2.3 and 4.5 h, respec-
tively), can be due to both the higher amount of accu-
mulated pyrocarbon and the higher fiber packing den-
sity in sample N-285.

Pyrolytic carbon, on one hand, changes the pore
structure of N-CFC; on the other, it can block the active
sites of the catalyst at which nanofibers are formed and
grown, thus deactivating the catalyst. The accumulation
of large amounts of pyrocarbon is likely one reason for
the dramatic decrease in the N-CFC yield above 700°C
(Fig. 2a). The noncatalytic oligomerization and oligo-
mer pyrolysis on the surface of carbon fibers have a
stronger affect on the pore-structure parameters of
N-CFC and the deactivation of the catalyst when mix-
tures with higher Py concentrations (H,/15% Py) are
pyrolyzed; the effect is noticeable even at 650°C
(Fig. 2a; Tables 2, 4).

To summarize, the low-temperature (550-650°C)
decomposition of Py/H, mixtures containing no more
than 10% Py can ensure N-CFC synthesis under the
conditions where Py decomposes mainly catalytically.
The resulting N-CFC samples will have fairly high spe-
cific surface areas (300-350 m?/g) and low nitrogen
concentrations (<2 wt %). The decomposition of Py-
containing blends at temperatures above 650°C likely
cannot fully avoid the effect of the noncatalytic trans-
formations of Py on the activity of the catalyst and the
composition and pore structure of N-CFC. However,
the set of parameters can be determined to weaken this
effect: above all, it is pertinent to use low-Py feeds
(containing less than 10 mol % Py) and high volumetric
reactant feed rates.
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